Bacillus subtilis BacC is an oxidoreductase involved in the biosynthesis of the potent antibiotic bacilysin. The crystal structure of BacC was determined at 1.19 Å resolution. An experimental charge density approach was used to calculate non-covalent interactions within the monomer and across the dimeric interface of BacC. This interaction network, in turn, enabled an analysis of noncovalently connected paths that span the protein structure. One of the pathways of non-covalent interactions was examined by mutational analysis. Biochemical analysis of BacC mutants with potential disruptions in non-covalent interactions along this path revealed that residues that form nodes in pathways of non-covalent interactions influence catalytic activity more than others in a similar chemical environment. Furthermore, we note that nodes in the non-covalent interaction networks are co-localized with compensatory mutation sites identified by multiple sequence alignment of proteins with low sequence similarity to BacC. Put together, this analysis supports the hypothesis that non-covalent nodes represent conserved structural features that can impact the catalytic activity of an enzyme.
Introduction
The dipeptide antibiotic bacilysin consists of an l-alanine residue at the N-terminus attached to l-anticapsin, a non-proteinogenic amino acid. The biosynthesis of this antibiotic proceeds by the stepwise activity of enzymes encoded by the bac operon. Previous studies revealed that tetra-hydrotyrosine (H 4 Tyr) is an intermediate in the steps leading to anticapsin synthesis (Cremers and Jakob, 2011) . H 4 Tyr is formed by the stepwise action of the enzymes BacA, BacB, BacG and BacF. Structural and biochemical analysis of two of these enzymes, BacB and BacG, revealed the role of these proteins in stereo selective catalysis (Rajavel et al., 2009; Mahlstedt and Walsh, 2010) . BacG is an oxidoreductase that enables the isomerization of the unstable en-H 2 HPP intermediate for subsequent conversion of H 4 Tyr en route to anticapsin (Rajavel et al., 2013) . BacC belongs to the Short chain Dehydrogenase/Reductase (SDR) family of enzymes that utilize NAD(P)(H) as a co-factor for catalysis (Parker and Walsh, 2012) . SDR enzymes are functionally diverse with multiple roles in amino acid, carbohydrate and lipid synthesis as well as hormones, co-factor and xenobiotic metabolism.
Most SDRs characterized thus far are homo-oligomers (either dimers or tetramers) in solution (Jornvall et al., 1995; Filling et al., 2002; Kavanagh et al., 2008) . In these enzymes, a Tyr residue in the catalytic center acts as an acid/base. This property is enhanced by an adjacent Lys residue and the nicotinamide co-factor, which help in reducing the pKa of the Tyr residue ( Benach et al., 2005) . While a Ser residue further stabilizes and polarizes the substrate carbonyl group, another conserved residue (Asn) coordinates a water molecule facilitating the proton relay step in the reaction mechanism (Jornvall et al., 1995) . Several SDRs adopt an ordered bi-bi reaction mechanism with the co-factor binding first and leaving last (Parker and Walsh, 2012) . In general, the co-factor binding site, ensconced in the Rossmann fold, is better conserved than the substrate binding pocket in these proteins. While the diversity of substrates is consistent with the low sequence conservation at sites that contribute to substrate recruitment, the remarkable variation in the reaction mechanisms, allostery and half-sites reactivity in SDRs remains unclear from a sequence-structure perspective.
High-resolution crystal structures have been largely successful in rationalizing enzyme function and regulatory mechanisms. Weaker interactions between protein structural elements, however, remain poorly understood and are often inferred by virtue of the chemical context. These interactions can be explicitly evaluated by charge density analysis utilizing the experimental distribution of the electron density obtained from ultrahigh-resolution X-ray diffraction. The methodology for charge density analysis is well developed for the analysis of inorganic, organometallic, organic and more recently, biological materials. Early developments in this area (Coppens, 1997; Spackman, 1997; Koritsanszky and Coppens, 2001; Munshi and Guru Row, 2006) served to highlight the methodology and its application potential. Briefly, the electron-density distribution is modeled based on the Hansen and Coppens multipolar formalism (Hansen and Coppens, 1978) wherein the individual atomic densities are described in terms of spherical core and valence densities thereby enabling experimentally derived densities to be compared with the charge densities obtained from high-level theoretical calculations. Several interesting problems of chemical and physical interest including recently introduced concepts like sigma holes in intermolecular interactions have since been experimentally verified (Thomas et al., 2014) . Unfortunately, due to the requirement of extremely high crystal quality and measurement requirements to include precise high angle reflections, studies in this area are somewhat limited, particularly when it concerns macromolecular systems like proteins. Initial efforts to address this limitation involved the use of experimental charge density (Brock et al., 1991) leading to the first database of experimentally obtained charge density parameters (ELMAM; Pischon-Pesme et al., 1995) . This was followed by other approaches to construct such libraries from quantummechanical computations of selected small molecules most notably the University at Buffalo pseudoatom Databank (UBDB; Volkov et al., 2004; Dominiak et al., 2007) and the Invariom database (Dittrich et al., 2004 (Dittrich et al., , 2006 . The resulting improvements to the residual electron density and the consequent effect on the accuracy in structure determination using database electron-density parameters served as a basis for the analysis of several protein structures with respect to their bonding characteristics. In this context, the potential applications of these databases to macromolecules (Muzet et al., 2003; Guillot et al., 2008) and computations of electrostatic interaction energies between multi-protein complexes were also investigated (Dominiak et al., 2009; Fournier et al., 2009) . These advances have enabled the addition of chemical environments (atom types) to the database as and when new charge density diffraction data are available. Indeed, the charges derived from the improved version of ELMAM, ELMAM2, based on optimized local coordinate systems (Domagała and Jelsch, 2008) compare well with AMBER point charges as well as theoretically obtained electron-density distributions (Domagała et al., 2011) . In general, the databank transfer procedure when applied to crystal structures of small molecules yields a more accurate structure and better crystallographic statistics Domagala et al., 2012) .
Charge density analysis using high-resolution diffraction data followed by multipole analysis provides by far the most powerful and direct way to visualize the electron-density distribution in the non-covalent region. Here, we describe non-covalent interactions in an oxidoreductase BacC. These interactions were identified by an analysis of multipolar atomic parameters enabled by the transfer of charge density information from the ELMAM2 charge density database on to the BacC structure. In an effort to evaluate the role of the non-covalent interactions identified using this methodology in modulating enzymatic activity, one non-covalent path between the co-factor and substrate binding pockets of BacC was experimentally examined. This analysis on the oxidoreductase BacC reveals that nodes in non-covalent networks represent conserved features of a protein scaffold that can impact the catalytic activity of an enzyme.
Materials and Methods

Cloning, expression and purification of BacC
The gene encoding bacC was PCR amplified from the genomic DNA of Bacillus subtilis Str 168 using the following primers-forward 5′-CCGGCTAGCATGATCATGAACCTCACCGAT-3′ and reverse 5′-CGCCTCGAGCTATTGTGCGGTGTATCCTCC-3′. The amplified gene was cloned in the pET22b expression vector between the Nhe1 and Xho1 restriction sites with a stop codon at the 3′ end. Colonies were selected by colony PCR and confirmed by sequencing. The plasmid was transformed into E. coli BL21 (DE3) for over expression. The transformed cells were grown in Luria-Bertini (LB) media to an optical density of 0.5 at 600nm and cells were induced to overexpress BacC using 1mM isopropyl β-galactopyranoside. Upon induction, the temperature was reduced to 18°C and the culture was grown for 12 h. The spent media was removed by centrifugation and the cell pellet was resuspended in 25 mM Tris-HCl buffer, pH 8.0. The BacC protein was partially purified by anion exchange chromatography (HiTrap Q HP, GE Healthcare). The fractions containing BacC were pooled and subjected to size-exclusion chromatography (Sephacryl 16/60 S-200 column, GE Healthcare) in a buffer containing 50 mM Tris, 250 mM NaCl, pH 8.0. The purified protein was confirmed by mass spectrometry (MALDI-TOF; Bruker Daltonics Inc.).
Crystallization, diffraction data collection and model refinement
Freshly purified BacC was concentrated up to 20 mg/ml and initial crystallization trials were performed using commercial crystallization screens (Hampton Research Inc.). The microbatch method was employed for crystallization of BacC at 18°C. The crystallization drops contained 2 µl protein and 2 µl crystallization solution. The crystals appeared in a condition containing 0.2 M ammonium sulfate, 0.1 M Bis-Tris pH 6.5 and 25% PEG3350. The crystals were cryo-cooled with 20% glycerol as the cryoprotectant. These crystals diffracted up to 1.19 Å at the synchrotron facility (beamline BM14 of ESRF). The BacC crystals were soaked with the co-factor (100 mM NADH containing crystallization solution) to obtain a 2.2-Å diffraction data at the home source (Rigaku MicroMax-007 HF X-ray generator equipped with a MAR345dtb detector).
A Poly-Ala model of the protein Gox2181 (PDB ID: 3AWD) a putative dehydrogenase from Gluconobacter oxydans was used as a search model for Molecular replacement using the Phaser program in the CCP4 suite to obtain initial phase information (McCoy et al., 2007) . Model building and structure refinement were performed using Coot and Refmac5 from the CCP4 suite of programs (Emsley et al., 2010; Murshudov et al., 2011; Winn et al., 2011) . At 1.5 Å resolution, a riding hydrogen model was used for all the amino-acid residues. The water molecules were added to the model at 1.5 Å resolution prior to another round of isotropic B-factor refinement. Translation/Libration/Screw (TLS) parameters were used from the TLS-MD server (http://skuld.bmsc. washington.edu/~tlsmd/) at 1.3 Å resolution with 15 Å 2 B-factor. At 1.3 Å resolution, the structure was refined using the mixed isotropic and anisotropic temperature factors. The restraints for a ligand (2-acetylpyridine) were generated using elbow (Moriarty et al., 2009 ) and the ligands were fitted using both Arp/wARP (Langer et al., 2012) and Phenix (Echols et al., 2014) programs with a minimum correlation coefficient of 0.8 at 1.19 Å resolution. The refinement protocol implemented in Phenix based on a model of intermediate complexity between an independent atom model and a multipolar model was found to be most suited for the refinement of this high-resolution data set. Iterative rounds of refinement were performed till there was no perceptible improvement in the refinement statistics (compiled in Table I ).
Enzyme assay
The kinetic studies for BacC were performed in 200 µl reaction volume containing 50 mM HEPES pH 7.5, 0.15 mM NADH, 20 mM 3-QC and 1µM BacC. The temperature was equilibrated to 25°C for 10 min before initiating the reaction with the addition of BacC. The absorbance at 340 nm was measured using a JASCO V-730 UVVisible/NIR Spectrophotometer. The concentration of the protein was estimated using the bicinchroninic acid assay. The kinetic parameters were generated using non-linear regression analysis of the Michaelis-Menten equation or Hill equation using Prism (GraphPad Software). An average of three independent measurements for two different batches of protein was used for the calculation (R 2 > 0.95).
Results and Discussion
Crystal structure at atomic resolution
Extensive optimization of crystallization conditions led to crystals of BacC that diffracted to high resolution. Initial crystallization trials were performed using commercial crystallization screens (Hampton Research Inc.) with purified BacC protein at a concentration of 20 mg/ml using the microbatch method at 18°C. The crystallization drop contains 2 µl protein and 2 µl crystallization solution. The crystals, which appeared in a condition containing 0.2 M ammonium sulfate, 0.1 M Bis-Tris pH 6.5, 25% PEG3350 after 3 days were R symm = ∑ j | <I> − I j |/∑ <I> where I j is the intensity of the jth reflection and <I> is the average intensity.
R free was calculated as for R work but on 5% of the data excluded from the refinement calculations.
cryo-cooled using 20% glycerol as the cryoprotectant. The crystals diffracted up to 1.19 Å at the BM14 beamline of the synchrotron facility (European Synchrotron Radiation Facility). The structure of the BacC-co-factor complex was obtained by soaking BacC crystals in a crystallization solution containing 100 mM NADH. The crystal to detector distance setting limited the higher resolution in this data set. The structure of the co-factor-bound crystal of BacC was thus determined at 2.26 Å resolution. The diffraction data, refinement and model statistics are reported in Table I . The structure was determined by Molecular Replacement using the program Phaser with a putative dehydrogenase Gluconobacter oxydans Gox2181 (PDB ID: 3AWD) as a search model (McCoy et al., 2007; Liu et al., 2011; Winn et al., 2011) .
There are four molecules of BacC in the asymmetric unit. In the α/β doubly wound scaffold of the SDR fold, a seven-stranded central parallel β-sheet is packed between a three α-helical array on either side (Fig. 1) . The co-factor binding site is located within the βαβαβ Rossmann fold while β5 and β6 along with a connecting loop govern substrate recognition (Supplementary Fig. 1 ). Consistent with previous reports, the loop that contributes to the binding of the substrate is disordered in both apo and co-factor bound forms in BacC. This polypeptide segment is stabilized and adopts a more rigid conformation upon substrate binding (Yamamoto et al., 2001) . As anticipated, the dynamic regions of BacC are supported by a rigid core (shown in Fig. 1 in blue) characterized by B-factors that are lower than the overall B-factor of the protein and the Wilson Bfactor (Table I) .
The α6 helix of BacC forms the dimeric interface. The EPPIC server was used to identify the core and rim residues at the dimeric interface (Duarte et al., 2012) . We note that 8 of the 22 core residues (Pro 216, Glu 225, Asn 228, Gly 243, Ser 244, Thr 247, Asp 249, Ala 254) were evolutionarily conserved. The structure of the NADH co-factor bound to BacC reveals the adenine ring in antiand the nicotinamide ring in the syn-conformation ( Supplementary  Fig. 2 ). The co-factor bound form of BacC did not reveal substantial differences in the occupancy of the bound NADH co-factor in each monomer. This differs from other SDR enzymes, such as the human HSCARG protein, wherein only one subunit has a bound NADP-a finding was subsequently rationalized as a mechanism that enables modulation of enzymatic activity at a specific threshold of co-factor concentration (Zheng et al., 2007) .
Charge density analysis and identification of non-covalent contact networks
The crystal structure of apo-BacC at 1.19 Å resolution (R work /R free of 0.138/0.163) provided a suitable starting point for charge density analysis. The heavy atom (carbon, nitrogen, oxygen) positions were fixed as they could be modeled unambiguously in the highresolution electron-density map. The computation of the experimental charge density was performed using the multipole formalism (Hansen and Coppens, 1978) . The non-covalent bond paths were derived from the Atoms and Molecules approach due to Bader (Bader and Heard, 1999) . The ELMAM2 database incorporating electron density of peptides at subatomic resolution was transferred; subsequently, restraints and constraints were created for the amino acids using the database transfer option in the MOPRO suite (Jelsch et al., 2005; Domagala et al., 2012) . The critical point distance cutoff was set to 2.9 Å for the main chain H and O atoms (Koumanov et al., 2003) . The BCP (Bond Critical Point) was calculated using Vmopro with 300 iterations for each of the bonds (Jelsch et al., 2005) . The spherical atom model has been employed earlier to analyze the topology of the electron density (Liebschner et al., 2011) . However, the deformation of the electron density was not calculated due to the lack of subatomic resolution data. This was compensated with non-spherical information of electron density that was transferred from the electron-density database. In a similar approach, the ELMAM2 library was used to transfer multipolar parameters and atomic charge onto the BacC structure. The X-H lengths were adjusted to an average distance observed in small molecule neutron diffraction data (Guillot et al., 2001) . This mode of correcting the hydrogen bond distance, compatible with the experimental electron-density transfer protocol, corrects the electron density according to the dipole along the X-H covalent bond.
A representation of the non-covalent critical points and connecting bond paths in BacC is shown in Fig. 2 . It was necessary to remove all water molecules and ligands to ensure that the noncovalent bond paths strictly belong to the protein. This interaction network spans across the BacC dimer linking the dynamic segments with the core of the protein. This feature is illustrated in Fig. 2 wherein the color gradient of the C α trace highlights the dynamic (red) and regions of low B-factor (blue) in BacC. The nodes in the non-covalent interaction network identified based on the number of non-covalent bonds are shown as black spheres. Non-covalent nodes in regions with high B-factor were not included in this analysis. One path of non-covalent interactions connecting the catalytic and co-factor binding site was examined in more detail (Fig. 3) . In this illustration, the catalytic site residues (pink) are connected to the NADH binding site residues (wheat) by non-covalent interactions through Cys183 and Cys140. Although both Cysteine residues are in similar chemical environments, Cys183 makes a significantly higher number of non-covalent interactions than other residues in this region (Fig. 2) . On the other hand, Cys140 shares non-covalent bond paths between both the NADH binding site residues and The nodes in non-covalent interactions were identified using the MOPRO suite (Domagala et al., 2012) . A multiple sequence alignment of 2742 sequences (with a sequence identity of <33%) was used for the identification of compensatory mutation sites using the coupled mutation finder server (Gultas et al., 2012) . As these mutation sites were identified by a multiple sequence alignment excluding highly similar sequences to BacC, these sites are likely to be important from either a structural or functional standpoint. The B-factor distribution in BacC is illustrated by a color gradient from blue (low) to red (high B-factor). The number of compensatory mutations within a 5-Å radius of a non-covalent interaction node is shown (orange). For pictorial simplicity, radius of the circle provides an estimate of the number of compensatory mutation sites proximal to a given node. The B-factor cutoff that was adopted in this representation leads to fewer non-covalent interaction nodes at the surface loops of BacC. Conserved residues (involved in catalytic activity or substrate binding) are shown as green lines in this graph.
catalytic site residues. It thus appeared likely that mutating this residue would affect both co-factor binding and catalytic efficiency.
Non-covalent interactions influence catalytic activity
The oxidoreductase activity of BacC was monitored using a substrate analog, 3-quinuclidinone (3QN showed good fit to the Michaelis-Menten equation (Fig. 4) . At saturating NADH, v values at varied [3QN] fit better to the Hill equation where the fit was evaluated using the P-value and F-test. This yielded an n H value of 0.71 ± 0.06 indicating negative cooperativity associated with the binding of 3QN. This was further confirmed by the non-linear nature of the 1/v versus [3QN] and Eadie-Hofstee plots ( Supplementary Figs 3 and 4) . The K m value of 8.0 ± 0.7 µM for NADH is similar to other oxidoreductases (Sem et al., 2004) , and the Fig. 3 An illustration of the path of non-covalent interactions between the substrate and co-factor binding site in BacC. One path connecting the substrate and co-factor binding sites was experimentally validated. This pathway traverses the core of the protein. Three cysteine residues that lie on this pathway are situated in close proximity in the core of the BacC monomer. Fig. 4 BacC adopts a rapid equilibrium random reaction mechanism. (A) The kinetic analysis of this bi-substrate mechanism. In this experiment, the substrate concentration was varied while the co-factor concentration was fixed at 2.7, 8 and 80 µM. These assays reveal that nodes in non-covalent interaction pathways significantly influence enzyme activity. Mutation of Cys140 influences catalytic activity much more than the other Cysteine residues in close proximity in a noncovalent path. We note intersecting initial velocity patterns of BacC with either NADH (B) or 3-QC (C) as the variable substrate. The double reciprocal plots are consistent with a rapid equilibrium random reaction mechanism.
value for the non-canonical substrate analog (3QN) is 19.0 ± 6.8 mM (Fig. 4) (Fig. 4) . This indicates that the binding of the second substrate is modulated by the presence of the first. The data of v as function of [S] were also fit by non-linear regression to equation (1) that describes both steady state ordered and rapid equilibrium random kinetic mechanisms for bi-substrate reactions.
In equation (1), A and B are the two substrates, K A and K B are the Michaelis constants for A and B and K iA is the dissociation constant for A. v is the initial velocity and V is the maximal velocity. The data did not fit the rapid equilibrium ordered kinetic mechanism. The values of V max and K m for NADH obtained from the fit were similar to those from saturation kinetics. The 2-fold difference in the K m value for 3QN arises from the fit of the saturation kinetics plot to the Hills equation (Supplementary Fig. 4 ). The possibility of a steady-state mechanism was eliminated as the progress curves from stopped flow measurements lacked a characteristic burst phase. It is thus interesting to note that although BacC adopts a rapid equilibrium random kinetic mechanism, binding of one substrate modulates the binding of the second substrate.
The Michaelis-Menten plots for NADH for the mutants were similar to that of the wild type (values for V max and K m are compiled in Fig. 4) . We note that the Cys183Ala mutation results in an increase in the K m value for NADH compared with the wild type. The kinetic data on Cys181Ala mutant suggested that the K m is unaffected while the V max showed a 1.5-fold drop. This is consistent with an analysis of the non-covalent network that suggested that Cys181 does not have many non-covalent interactions with the NADH binding site. Consistent with predictions based on the non-covalent network wherein Cys140 interacts with both the active site residues and NADH binding residues through several non-covalent paths, the Cys140Ala mutant showed a 2-fold reduction in the K m while the V max decreased even more substantially.
Compensatory mutation sites lie in close proximity to nodes of non-covalent interactions
Analysis of non-covalent interactions and atomic displacement parameters of the oxidoreductase BacC broadly support the hypothesis that structure encodes dynamics and together structure-dynamics encode function (Olsson et al. 2006; Henzler-Wildman and Kern, 2007; Ramanathan and Agarwal, 2011) . The sequence and conformational features of the SDR fold were subsequently examined for the significance, if any, of the location of the nodes in noncovalent interactions. While simplistic sequence and structural analysis did not reveal any discernable pattern of conservation, a search for compensatory or coupled mutations revealed an interesting observation. We note that nodes of non-covalent interactions are often co-localized with compensatory mutation sites (within a 5-Å radius; shown as orange circles in Fig. 2 ). The identification of the compensatory mutation sites was made using the coupled mutation finder server using a multiple sequence alignment of proteins that lie in the twilight zone of similarity to BacC (2742 sequences with identity <33%; Gultas et al., 2012) . The non-covalent network described here in the case of BacC provides an alternate view of the network of coupled promoting motions that were described earlier (Agarwal et al., 2002) . A related observation is that apart from individual residues and motifs that are conserved in enzymes, chemistry promoting flexible regions of enzymes and their motions are also conserved as a part of the enzyme fold ( Supplementary Fig. 5 ). While the exact residues are not conserved, the linkage at a particular location is preserved to maintain network integrity (Figs 2 and 3 ; Supplementary Fig. 2 ). This interacting network of residues promoting motions was suggested to be conserved as a part of the enzyme fold often forming pathways of energy connectivity between the active site residues and surface regions (Ramanathan and Agarwal, 2011) . The observation that flexibility is conserved with the enzyme fold was made in the context of the reaction mechanism in the case of dihydrofolate reductase from different species (Agarwal et al., 2002) . The localization of compensatory mutations and nodes in non-covalent interactions thus provides an alternative description of this finding. Another aspect of relevance to enzyme engineering is chemical equivalence that assumes that atoms of the same chemical type in a similar chemical neighborhood share an identical charge density distribution (Jelsch et al., 2000) . An examination of noncovalent interactions in BacC reveals that nodes in the interaction network can distinguish between these residues. Indeed, mutational analysis of one such network in BacC suggests that uncoupling of such networks also alters enzyme kinetics (Figs 3 and 4) .
The redistribution of valence electron density due to chemical bonding or intermolecular interactions manifests itself as bonding deformation density. These observations on bonding deformation density were hitherto limited to ultrahigh resolution structures (better than 0.8 Å) employing average maps computed in the peptidebond planes to decrease the noise in Fourier residual maps. Examples of this approach include the case of crambin solved at 0.54 Å resolution (Jelsch et al., 2000) or cholesterol oxidase (Lario et al., 2003) . The identification of non-covalent paths in BacC, inferred by transferring information from ultrahigh resolution data, demonstrates that information that was hitherto limited to structures at subatomic resolution can be derived at more modest (1.19 Å) resolution. The spatial proximity of compensatory mutation sites with nodes in non-covalent interactions also underscores the utility of the charge density approach to understand structural inter-connectivity in a protein fold. Put together, these studies on BacC support the argument that structure encodes dynamics and together these govern function.
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The Supplementary material section has five figures and one embedded table containing data used in the analysis. The raw data on noncovalent interaction nodes has been included in this section.
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